Humans are unique among apes and other primates in the musculoskeletal design of their lower back and pelvis. While the last common ancestor of the Pan-Homo lineages has long been thought to be 'African ape-like', including in its lower back and ilia design, recent descriptions of early hominin and Miocene ape fossils have led to the proposal that its lower back and ilia were more similar to those of some Old World monkeys, such as macaques. Here, we compared three-dimensional kinematics of the pelvis and hind/ lower limbs of bipedal macaques, chimpanzees and humans walking at similar dimensionless speeds to test the effects of lower back and ilia design on gait. Our results indicate that locomotor kinematics of bipedal macaques and chimpanzees are remarkably similar, with both species exhibiting greater pelvis motion and more flexed, abducted hind limbs than humans during walking. Some differences between macaques and chimpanzees in pelvis tilt and hip abduction were noted, but they were small in magnitude; larger differences were observed in ankle flexion. Our results suggest that if Pan and Homo diverged from a common ancestor whose lower back and ilia were either 'African ape-like' or more 'Old World monkey-like', at its origin, the hominin walking stride likely involved distinct (i.e. non-human-like) pelvis motion on flexed, abducted hind limbs.
Introduction
Humans are unique among apes and other primates in the musculoskeletal design of their lower back and pelvis. In particular, we possess a lumbar column with five vertebrae, a wide sacrum and short, sagittally oriented ilia. This engenders us with a relatively tall, mobile waist that decouples the thorax from the pelvis in a manner distinct from all living African apes. Indeed, in chimpanzees and gorillas, the lumbar column has just three or four vertebrae, with the most caudal one or two 'entrapped', due to a narrow sacrum and tall, coronally oriented ilia. This lower back and ilia design has long been argued to facilitate the vertical climbing and suspensory behaviour of the large-bodied, living African apes via constraints on lumbar column motion (e.g. [1] [2] [3] ). Although all three living African ape species share these traits, it is still unclear as to whether or not they are retained from a common ancestor, as there are almost no fossils attributed to either Gorilla or Pan (but see [4, 5] ). Nevertheless, the numerous musculoskeletal commonalities and close phylogenetic relatedness of living African apes have led to the long-standing hypothesis that the last common ancestor (LCA) of the chimpanzee (Pan) and human (Homo) lineages was fundamentally similar to living African apes in its postcranium (cf. [6] [7] [8] ). In principle, this includes lumbar column length, sacrum width and ilia orientation.
However, some early hominin and Miocene ape fossils have challenged this hypothesis, suggesting that the LCA lacked the specializations for vertical climbing and suspension that characterize living African apes ( [9] [10] [11] [12] [13] [14] [15] ; but see [16] ).
For example, Australopithecus (Au.) afarensis may have possessed a lumbar column with six vertebrae (e.g. [3] ; but see [17] ), and a four-segment sacrum whose inter-alar breadth had increased by only a small amount from the LCA (e.g. [15, 18] ; but see [19] ). If correct, these traits are distinct from any living great ape, but are more similar to Old World monkeys and some Miocene apes, including the Early Miocene 'monkey-like' ape Ekembo (cf. [2] ) (formerly Proconsul [20] ). Further, remains of the middle Miocene great ape Pierolapithecus catalaunicus raise the possibility that stem great apes were still quite similar to Ekembo in pelvis shape, albeit with some lateral expansion of the ilia at the level of the anterior superior iliac spine [21, 22] . The partial pelvis of the middle Miocene great ape Sivapithecus indicus reinforces this view [23] , especially for the Pongo lineage [24, 25] . These observations, in combination with other putatively primitive traits throughout the partial skeleton of the early hominin Ardipithecus (Ar.) ramidus [9] [10] [11] 14] , have led to the hypothesis that the LCA had a generalized postcranium, with a lower back and ilia more similar to Ekembo or an Old World monkey (e.g. a macaque) than any living African ape [3, [9] [10] [11] [12] 14, 15] .
The distinctions between an 'African ape-like' lower back and ilia design and one more similar to Ekembo or an Old World monkey may be important for reconstructing the origin of the hominin walking stride as they could induce marked differences in pelvis and hind limb motion during bipedal walking. It is now well established that the threedimensional kinematics of bipedal chimpanzee walking includes a distinct (i.e. non-human-like) pelvis motion, and abducted, flexed hind limbs [26, 27] . While several skeletal determinants of chimpanzee hind limb kinematics have been proposed (e.g. [28, 29] ), one view is that an 'African ape-like' lower back and ilia necessitate an anterior positioning of the whole-body centre of mass, which in turn requires flexed hind limbs for stable bipedal walking (e.g. [12, 30] ). By contrast, an LCA with a lumbar column six (or seven) vertebrae long and a relatively wide sacrum may have been capable of greater flexibility in whole-body centre of mass anterior-posterior positioning via the use of a 'facultative lumbar lordosis' [3, [9] [10] [11] [12] 14, 15] . Indeed, it has been argued that a long, mobile lumbar column would obviate the need for a 'pronounced African ape-like bent-hip, bent-knee bipedality' in early hominins [12, p. 3289] .
In support of this, it has been observed that macaques that are highly trained for bipedal standing and walking (e.g. 1.5-7.5 yr of training, 1 h d
21
) develop a modest lumbar lordosis [31] , and can walk with more extended hips and knees than untrained macaques [32, 33] . Earlier two-dimensional studies of bipedal macaques and bipedal chimpanzees suggested some commonalities in hind limb flexion-extension during walking [34] [35] [36] , although these studies lack direct measurements of pelvis motion (see also electronic supplementary material) or intraspecific variance. More recent cursory comparisons of 'highly trained' macaques with these same bipedal chimpanzee data raised the possibility of differences in the sagittal plane, especially in the degree of hip and knee flexion [32] . However, to date, there have been no quantitative, speed-controlled comparisons of the three-dimensional pelvis and hind limb kinematics of highly trained bipedal macaques, chimpanzees and humans on which to base inferences regarding the effects of 'African ape-like', 'Old World Monkey-like' and human lower back and ilia on a bipedal walking stride. Such a comparison is needed because facultative bipedal walking is a complex three-dimensional task that involves substantial non-sagittal plane motion [27, 33] .
Here, we tested whether the well-documented differences in lumbar column length, sacrum width and ilia shape between macaques and chimpanzees (e.g. [1, 2, 15, [37] [38] [39] ) (figure 1) induce marked differences in three-dimensional pelvis and hind limb kinematics during bipedal walking at similar dimensionless speeds by integrating marker-based video collection and detailed, subject-specific musculoskeletal models. We then compared the three-dimensional kinematics of bipedal macaques and chimpanzees with that of humans to quantitatively evaluate whether the walking stride of macaques is more similar to that of humans or to that of chimpanzees. For completeness, three-dimensional kinematics of bipedal macaques and chimpanzees were compared with humans walking at (a) ( b) ( c) Figure 1 . The lower back and pelvis of (a) a macaque, (b) a chimpanzee and (c) a human. Macaques possess six or seven lumbar vertebrae, a wide sacrum and tall, more sagittally oriented ilia. Chimpanzees possess three or four lumbar vertebrae, a narrow sacrum and tall, coronally oriented ilia. Humans possess five lumbar vertebrae, a wide sacrum and short, sagittally oriented ilia.
similar dimensionless and dimensional velocities. The dimensionless comparisons minimize the effects due to differences in body size or speed, while emphasizing those arising from musculoskeletal design. These data permit the first quantitative assessment of how 'African ape-like' or 'Old World monkey-like' lower back and ilia can be expected to affect the three-dimensional kinematics of bipedal walking. Our results indicate that if Pan and Homo diverged from a common ancestor whose lower back and ilia were 'African ape-like' or more 'Old World monkey-like', at its origin, the hominin walking stride would have involved a distinct (i.e. non-human-like) pelvis motion on flexed, abducted hind limbs. 
Musculoskeletal models
Three-dimensional kinematics were calculated by combining marker data with generic musculoskeletal models of the pelvis and hind/lower limbs of an adult human [40] , an adult chimpanzee [41] and an adult macaque [42] (figure 2). All models included skeletal geometry of the pelvis and hind limbs relevant to determining three-dimensional motion of the pelvis, hip, knee and ankle (talocrural) joints.
In all three models, the pelvis was assigned six degrees of freedom, permitting rotation in the sagittal (tilt), frontal (list) and transverse (rotation) planes, as well as whole-body translation through the global coordinate space. The three-dimensional pelvis and hip orientations were quantified using a Cardan angle approach, which is the international standard for quantifying biomechanical motion [43, 44] . The orientation of the pelvis relative to the global reference frame was expressed using the Cardan angle rotation sequence: rotation, list and tilt [45] . This is the same rotation sequence that was used for humans and chimpanzees in O'Neill et al. [27] ; however, for macaques, this represents a modification from the rotation sequence used in Ogihara et al. [33] . Therein, the macaque kinematic data included segments superior to the pelvis and therefore did not present motion of the pelvis in the global coordinate space. Using the same rotation sequence for the pelvis in the global reference frame facilitated a direct quantitative comparison and interpretation of the human, chimpanzee and macaque three-dimensional kinematic data, which was not possible using the published data [27, 33] . The mobile articulations at the hips have three rotational degrees of freedom. The orientation of the thigh relative to the pelvis was expressed using the Cardan angle rotation sequence: flexionextension, abduction-adduction, internal-external rotation [46] . The knees each have one rotational degree of freedom. In the chimpanzee and human models, the rotational degrees of freedom at the knee joints (flexion-extension) are coupled with translation of the tibia relative to the femur to account for the non-circular nature of the femoral condyles, while the macaque knee rotated about a pin joint. The ankles (talocrural joints) each have a one degree-of-freedom (plantar flexion-dorsiflexion) revolute joint between the tibia-fibula and talus, with anatomically realistic skewed joint axes.
The pelvis neutral position for all three species was set so that the bilateral hip joint centres were aligned in the transverse plane, while the posterior superior iliac spines and ischial tuberosities were aligned in the frontal (coronal) plane. The long (i.e. proximal-distal) axis of the foot was oriented perpendicular to the leg and thigh. This foot position is a slight modification from the original application of the macaque model, which oriented the ankle in 308 of plantar flexion at neutral position to account for the species' digitigrade foot posture [33, 42] . Here, the neutral position was standardized across all three species to make possible direct comparisons and interpretation of ankle motion. The alignment of the body segments when all angles are equal to zero (i.e. neutral position) is shown for the human, chimpanzee and macaque models in figure 2.
Marker data collection
For humans and chimpanzees, a combination of markers placed over anatomical landmarks and clusters of non-collinear markers were applied to the pelvis, thigh, leg and foot to track segment motions for all subjects; for macaques, markers placed over anatomical landmarks alone were applied to the shoulder, thigh, leg and foot to track segment motions. Non-toxic, water-soluble white paint was used for the chimpanzees, while reflective markers were used for the macaques and humans. The number and position of markers used for each species are described in detail in O'Neill et al. ([27] ; humans and chimpanzees) and Ogihara et al. ( [33] ; macaques).
Marker positions were recorded using synchronized highspeed video cameras. Marker data for the humans were collected using an 11-camera system recording at 240 Hz (Qualisys, Inc.; Gothenburg, Sweden), while chimpanzee and macaque data were collected using four-camera systems recording at 150 Hz (Xcitex, Inc., Woburn, MA, USA) and 125 Hz (HotShot 1280; Nac Image Technology, Japan), respectively. The calibrated recording volume for the humans was created using a wandbased nonlinear transformation approach, while the recording volumes for the chimpanzees and macaques were established using direct linear transformation and custom-built calibration frames. Marker locations were digitized using Qualisys Track Manager software (Qualisys, Inc.; Gothenburg, Sweden) for the humans, ProAnalyst software (Xcitex, Inc., Woburn, MA, USA) for the chimpanzees and Frame-DIAS II software (DKH Co., Ltd, Tokyo, Japan) for the macaques. The x-, y-and z-coordinates of each marker trajectory were filtered using a low-pass filter, with cut-off frequencies set to the range of 4 -6 Hz for humans and chimpanzees, and 12 Hz for macaques.
Model scaling and kinematics
The generic human, chimpanzee and macaque musculoskeletal models were scaled to the size of each subject. For the chimpanzee and human models, the pelvis was scaled using three or more skeletal landmarks, while each thigh, leg and foot was scaled based on proximal and distal skeletal landmark endpoints. Segment clusters were not used for scaling; rather, their precise positioning on a given musculoskeletal model was defined relative to the anatomical markers for each experiment. For the macaques, global-rather than segment-specific-scaling was applied to the generic model based on the average lengths of the upper arms, forearms, thighs and shanks of each subject [33, 42] .
Inverse kinematics algorithms were used to determine the three-dimensional coordinates of the scaled model of each subject of each species over the full gait cycle. This was done through a least-squares minimization of the discrepancy between the experimentally determined marker positions and the corresponding marker positions on the scaled model, subject to constraints enforced by the anatomical models of the joints. The inverse kinematics algorithms used for the humans and chimpanzees [47, 48] and for the macaques [33, 42] have been described elsewhere in detail. Inverse kinematics approaches differ from traditional approaches for calculating kinematics in some important ways that can be expected to improve the overall quality of the reconstruction of skeletal positions and orientations [47] , as well as permit the determination of linked segment motion in the absence of marker data. For example, in macaques, who lacked pelvis markers, three-dimensional pelvis motion was solved via the available bilateral markers on the upper body and hind limbs in combination with a scaled, full body model and inverse kinematics algorithm that included a term minimizing deviations from neutral position [33, 42] . The resulting linked segment motion can then be expressed in terms of relative angles between the local reference systems (i.e. as in [33, 42] ), or in isolation in the global reference frame, with the segment angles computed using the relevant Cardan angle rotation sequence, as done herein.
Overground versus treadmill walking
It should be noted that our human and chimpanzee data were collected during overground walking while the macaque data were collected during treadmill walking. However, this difference in walking conditions is expected to have had little impact on the comparisons presented herein. In humans, the difference in segment and joint kinematics between treadmill and overground walking is quite small for able-bodied adults (e.g. 1-28; [49] ), when present at all. However, treadmill-training effects on nonhuman primates are poorly documented. In one case, bipedal chimpanzees walked with less hind limb flexion on a treadmill than overground [50] , although it is unclear whether these results are generalizable to other animals. The bipedal macaques herein were quite adept at treadmill walking. This is because starting at 1.5-2 yr old, they underwent long periods of training prior to data collection (1.5-7.5 yr, 1 h d 21 [33] ). In addition, ground force data collected from the same animals during treadmill and overground walking are similar in shape and magnitude (cf. [33, 51] ; N.O. Ogihara 2016, personal communication). Yet, even in the presence of some small effects of treadmill walking, the commonalities between macaque and chimpanzee kinematics and their shared contrasts with humans would remain quite marked.
Analysis and statistics
Four strides per subject were analysed for the humans and chimpanzees. For the macaques, 23 strides were analysed, including seven for one animal and 16 for the other. All three-dimensional angular data were normalized to 101 points over one full stride, facilitating comparisons of multiple strides. This also permitted the mean + s.d. of the kinematic curves to be determined per species.
For the chimpanzees, walking speed was calculated as the average of the instantaneous forward velocity of four markers (i.e. three pelvis, one hip marker) over the full stride, while for humans a rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180205 marker placed over the sacrum was used. For the macaques, walking speed was prescribed by the treadmill speed. To account for differences in body size among subjects and species, velocity (v) was made dimensionless by the divisor (gL) 0.5 and by the Froude number (Fr ¼ v 2 /gL), where g is the gravitational acceleration and L is the average hind/lower limb length. Hind/lower limb length was measured as the average height of the greater trochanter marker from the ground (humans, chimpanzees; L: 0.92+ 0.05, 0.39 + 0.02 m) or from the metatarsophalangeal marker (macaques; L: 0.34+ 0.02 m) [27, 33] . In all cases, stance, swing and stride duration were determined based on synchronously collected ground reaction forces (not included herein).
To compare the interspecific variation of the pelvis and hind/lower limb angles of our human, chimpanzee and macaque samples, zero-lag cross-correlations (r) (equation (2.1)) and root mean square errors (RMSE) (equation (2.2)) were computed using the species mean angles over the full stride.
where the segment or joint angles for a pair of species at time t is given as x t (species 1) and y t (species 2), each with N data points (i.e. N ¼ 101). The zero-lag cross-correlation is a quantitative assessment of the similarity of pelvis and hind limb motion between a pair of species, while the RMSE reflects the mean differences of motion between a pair of species.
Results
The average walking speeds of humans, chimpanzees and macaques were 1.66 + 0.06, 1.09 + 0.10 and 1.11 + 0.00 m s (table 1) . These speeds are close to-but a bit faster than-the preferred overground speeds for human walking, and well below the expected walk-run transition speed for terrestrial mammals (i.e. v 0 ¼ 0.7; Fr ¼ 0.5 [52, 53] ).
Pelvis kinematics
Three-dimensional pelvis motion was tracked in the global coordinate system and expressed relative to neutral position in the sagittal (tilt), frontal (list) and transverse (rotation) planes ( figure 3 and table 2 ). The pattern of pelvis tilt differed between macaques and chimpanzees, with the macaque pattern being more similar to humans (M versus H: r ¼ 0. 
Hind/lower limb kinematics
Macaques and chimpanzees maintained their hips in a similar flexed posture throughout the stride with a similar pattern of motion (M versus C: r ¼ 0.989) (figure 4a and tables 2 and 3). During the first double-support period and in the second half of limb swing, macaques adopted a more flexed hip than chimpanzees; indeed, the mean peak flexion angle was 628 and 528 for each species, respectively (M versus C: RMSE ¼ 98) (table 4) . Macaques also had a larger range of flexion-extension motion overall (M: 36 + 18, C: 27+ 48) (table 2) . Nevertheless, the mean peak extension was an identical 258 of hip flexion for both species, because-unlike humans-neither macaques nor chimpanzees reached an extended hip angle (i.e. past neutral position) during bipedal walking. This marked contrast in hip flexion is also evident in the RMSE comparisons (M versus H: RMSE ¼ 348; C versus H: RMSE ¼ 318) (table 4) . The human hip was more extended throughout the stride (figure 4b) and exhibited the greatest range of motion of the three species (table 2) . Macaques and chimpanzees exhibited similar patterns of abduction -adduction (M versus C: r ¼ 0.989) of the hip over a stride ( figure 4c and table 3 ). Yet, chimpanzee hips were about 108 more abducted than macaque hips, on average (table 4) . In comparison, human rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180205 hip abduction -adduction was opposite in phasing (M versus H: r ¼ 20.058; C versus H: r ¼ 20.027) and humans reached a position of considerable hip adduction (H: peak adduction ¼ 98), while macaque and chimpanzee hips remained abducted over the entire stride (figure 4d and tables 2 and 3). In the transverse plane, hip internal-external rotation was similar between macaques and chimpanzees (M: 31 + 98, C: 39+ 28; M versus C: r ¼ 0.937) (figure 4e and tables 2 and 3). There was a small difference in internal-external rotation from the end of limb swing into the second double-support period between macaques and chimpanzees, on average (M versus C: RMSE ¼ 58) ( figure 4e and table 4) . Nevertheless, both species walk with a more similar pattern and larger magnitude of hip rotation than humans, overall (figure 4f and tables 3 and 4). The knee exhibited the greatest range of motion of any joint in both macaques and chimpanzees (M: 68 + 88, C: 78 + 18) (table 2), with both species maintaining nearly identical patterns of knee flexion throughout stance and swing (M versus C: r ¼ 0.994) ( figure 4g,h and table 3 ). However, as at the hip, macaques walked with more knee flexion than chimpanzees, on average (M versus C: RMSE ¼ 168) ( figure 4h and table 4) .
The ankles (talocrural joints) of macaques and chimpanzees exhibited a large range of motion over a stride (M: 48 + 38, C: 38 + 58), although the pattern of motion was quite different (M versus C: r ¼ 0.198) (figure 4i and tables 2 and 3). The low cross-correlation was due, in large part, to the marked divergence between the two species beginning during the single-support period and continuing into the swing phase, as the patterns and magnitudes of ankle joint motion appear to be similar over the rest of the stride. Human ankle flexion was quite different from both macaques and chimpanzees in its overall pattern (M versus H: r ¼ 0.401; C versus H: r ¼ 0.235) (figure 4j ), but the magnitude of the difference among all three species was similar, on average (M versus C versus H: RMSE ¼ 118 -188) (table 4). In addition, it was also notable that humans were differentiated from both macaques and chimpanzees in beginning a walking stride with slight ankle dorsiflexion. 
Dimensional versus dimensionless kinematics

Discussion
The lower back and ilia have figured prominently in recent discussions of the origins and evolution of human walking. It has been argued that a short, entrapped lumbar column is the fundamental reason for the flexed-limb posture during bipedal walking in African apes [3, [9] [10] [11] [12] 14, 15, 30] . Therefore, the presence of a long, mobile lumbar spine would have been, in and of itself, sufficient to 'contraindicate pronounced African apelike bent-hip, bent-knee bipedality' in the earliest hominins [12, p. 3289] . However, the data herein make clear that, despite marked differences in lower back and ilia design, bipedal chimpanzees and macaques walk with nearly the same threedimensional pelvis and hind limb motion, and that both species are distinct from humans. This includes flexed limbs (i.e. bent hip, bent knee) in both chimpanzees and macaques. Taken together, this suggests that-if hominins emerged from an LCA whose lower back and ilia were either 'African ape-like' or more 'Old World monkey-like'-at its origin, the hominin walking stride would be expected to have involved a distinct (i.e. non-human-like) pelvis motion on flexed, abducted hind limbs.
4.1. The Pan-Homo LCA and the origin of the human walking stride
The likelihood of an 'African ape-like' lower back and ilia design or one more similar to some Miocene apes and Old World monkeys in the LCA is an important, ongoing debate (e.g. [14, 17] ). Yet, these results suggest that, in either case, the three-dimensional kinematics in the LCA would likely have been similar. Of course, neither chimpanzees nor macaques can be expected to represent the lower back and ilia of the LCA in all anatomical details. For example, relative lower ilium length has been hypothesized to be shorter in the LCA than in either Pan or Macaca, on average [9, 11, 14, 54] . Further, the lumbar spine has been hypothesized to combine six vertebrae (but see [7, 17, 55] ) with an invagination (i.e. indicated by a dorsal position of the transverse processes on the pedicle; [9, 11, 14, 15] ) similar to or exceeding that of some Miocene apes [21, 24, 56] . Still, whether trait differences such as these are sufficient to induce marked departures from the three-dimensional pelvis and hind limb motion herein remains to be demonstrated. At the pelvis, list and rotation are almost identical in macaques and chimpanzees. During the single-support period in particular, the pelvis rises on the swing limb side in both macaques and chimpanzees, which is opposite the pattern in humans. This represents an alternate means of achieving whole-body stability during the single-support period of a stride; one that likely preceded the mechanism seen in human walking, which has long been attributed to our sagittally oriented ilia (e.g. [29, 57] ). Pelvis tilt differed among all three species, with the chimpanzee pelvis being positioned closest to neutral position (i.e. see figures 2 and 3), and macaques exhibiting greater anterior pelvis tilt over a stride. These differences are in marked contrast with two-dimensional measurements of maximum trunk inclination, which report much larger values in bipedal macaques (approx. 258 [32] ) and bipedal chimpanzees (approx. 30-358 [50] ) than in humans. This likely reflects variance in lumbar lordosis among species, with greater decoupling of thorax and pelvis motion in 'highly trained' bipedal macaques [31] than bipedal chimpanzees, although still not to the extent seen in humans. This provides some support to the view that a long, unentrapped lumbar column permits greater pelvis tilt during bipedal walking [3, [9] [10] [11] [12] 14, 15, 30] ; however, the magnitude of pelvis tilt is small (i.e. 98 difference between chimpanzees and macaques) and clearly insufficient to facilitate more human-like than chimpanzee-like hind limb kinematics in macaques overall. Whether lumbosacral mobilization via upper ilia height reduction and additional sacral alar widening would permit greater anterior pelvis tilt or altered lesser gluteal muscle function remains to be determined. Table 3 . Zero-lag cross-correlations (r) of macaque (M), chimpanzee (C) and human (H) pelvis and hind/lower limb motion over a full stride for walking at similar dimensionless velocities. In the hind limb, macaques and chimpanzees are much more similar to each other in hip flexion, adduction and rotation than either are to humans (table 3) . Further, unlike humans, both macaques and chimpanzees walked with abducted hips over a full stride; macaques walked with 108 less hip abduction than chimpanzees, on average, although this is the most variable hind limb motion among bipedal chimpanzees [27] and there is some overlap in the error variance between species. As macaques and chimpanzees have similar neutral positions for their femora (figure 2; see also [41, 42] ) and both species lack a human-like valgus knee, femur-tibia articular congruence is unlikely to underlie this difference. Instead, this may reflect different capacities for hip abduction [58] . Whatever the proximate reason(s) for this difference, it suggests some small, but previously unappreciated latitude in the magnitude of hip abduction during a facultative bipedal walking stride.
These results also reinforce our earlier finding that the human 'heel strike' is kinematically distinct from chimpanzees and other taxa ( [27] ; see also [59, p. 72] ), despite some qualitative similarities overall [60] . Notably, macaque and chimpanzee ankle (talocrural) motion is quite similar at the beginning (i.e. first double-support period) and end (i.e. second half of limb swing) of a stride, in that both species position their ankles in about 158 of plantar flexion at foot touch down, rather than in dorsiflexion as in humans. However, the ankle motion of these two species diverges markedly throughout the single-support period and first half of swing phase, as the macaque ankle exhibits much greater plantar flexion than the chimpanzee ankle. This may also reflect greater midfoot (i.e. tarsals þ metatarsals) motion in bipedal macaques than in bipedal chimpanzees or humans [61] . Indeed, the zero-lag, cross-correlation between ankle and midfoot plantar flexiondorsiflexion over the stance phase is strong (C: r ¼ 0.80; H: r ¼ 0.70, [62] ), especially during push-off. Notably, the midfoot of the LCA has been argued to be more similar to Old World monkeys than African apes in its relative length and overall mobility, albeit still plantigrade [10] . More detailed kinematics of macaque feet during bipedal walking are needed to make clear if midfoot and forefoot motion are correlated with this difference at the ankle.
Earlier comparisons of bipedal macaques, chimpanzees and humans
Almost 40 years ago, a seminal series of experiments comparing the two-dimensional mechanics of human walking with the facultative bipedal walking of macaques, chimpanzees and several other non-human primates were published [34] [35] [36] . Our sagittal plane results are broadly consistent with those earlier comparisons, in which the two-dimensional kinematics of bipedal macaques and chimpanzees were similar, overlapping at times. Thus, while it is expected that facultative bipedal walking exhibits more stride-to-stride and intraspecific variation in its kinematics than human walking (e.g. [27, 63] ), our results make clear that macaques and chimpanzees are much more similar to each other than either is to humans in their threedimensional pelvis and hind limb motion overall. This includes any effects associated with the macaques' 1.5-7.5 yr, 1 h d 21 of training for bipedal standing and walking [32, 64] . Given this, the view of bipedal walking in chimpanzees as a distinct, 'unusually restricted bent-hip, bent-knee gait' [12, p . 3289] appears to be overstated. These earlier studies also provide some broader context for the kinematics of facultative bipedal walking. Yamazaki [35, p. 114 ] notes that, while differences among taxa exist, facultative bipedal walking in chimpanzees, macaques, spider monkeys and gibbons is consistently characterized by 'an inclined upper body and flexed knee' (see also [36, p. 49] ). Of course, because the data are from un-matched speeds and variance measures are not included in the quantitative comparisons, it is difficult to assess the significance of some of the reported differences. Despite this, it is notable that our results as well as earlier comparative studies [34] [35] [36] indicate that there are few, if any, size effects on the three-dimensional kinematics of facultative bipedal walking, at least within the body mass range measured here and in Yamazaki [35] (from 2 to 34 kg; see also [50] 
Implications for the earliest hominins
The Ar. ramidus partial pelvis suggests that selection for reduced hominin ilia height had occurred by at least 4.4 Ma [9, 11, 14] . Indeed, it has been argued that mobilization of the lower lumbar vertebrae-especially the lumbosacral jointvia upper ilia shortening was likely the first target of selection for hominin bipedalism [15] . Although the precise amount of ilia shortening from the LCA is unknown, relative upper ilia lengths in cercopithecoids (e.g. macaques), African apes and available Miocene apes exceed those of all humans and fossil hominins studied to date, including Ar. ramidus [15] . Our results suggest that if the LCA's lower back and ilia were either more 'African ape-like' or more 'Old World monkey-like', at its origin, the hominin walking stride would have involved distinct (i.e. non-human-like) pelvis motion on flexed, abducted hind limbs. Mobilization of the lower lumbar vertebrae via upper ilia shortening is argued to have facilitated greater hind/lower limb extension during bipedal walking in the earliest hominins via an enhanced lumbar lordosis [15] . In support of this, the sagittal plane kinematics of bipedal atelids-who have short upper ilia, a 'partially invaginated' lumbar column and a mobilized lumbosacral joint (i.e. inferred based on ilia height and sacral alar width [15] ) as hypothesized for the earliest hominins [15] -have maximum hip extension angles that appear to exceed bipedal macaques and chimpanzees by 10-208 ([35,36] ; see also [15] ), despite some overlap in knee and ankle motion. However, interspecific comparisons of hip flexion-extension absent measurements of pelvis motion require some caution because the trunk is a non-rigid element and, as such, need not align with the pelvis during bipedal walking (e.g. [27] ; electronic supplementary material). Nevertheless, if correct, this is still much less than the contrasts with humans measured herein, either on average over a full stride (RMSE: 31-348, table 4) or in hip extension during push-off (i.e. M-H: 398; C-H: 398, table 2). And even a modest increase in average lower limb extension over a stride has the potential to provide some reduction in muscle fatigue and/or lower the metabolic cost of walking when compared with an LCA with three-dimensional pelvis and hind limb motion similar to those of bipedal chimpanzees and macaques.
The precise effects of localized musculoskeletal trait evolution (e.g. ilia shortening) on a walking stride can be difficult to predict a priori, as pelvis and hind/lower limb motion arises from the activation of many muscles operating at variable leverages across multiple joints (e.g. [66, 67] ). More experimental and modelling-simulation studies on the effects of lower back and pelvis trait evolution on three-dimensional pelvis and hind/lower limb motion are needed as they have the potential to provide significant additional insights into the bipedal walking stride of the LCA and earliest hominins.
Summary
The analyses presented herein provide the first direct comparisons of the three-dimensional pelvis and hind/lower limb kinematics of highly trained bipedal macaques, chimpanzees and humans walking at similar dimensionless speeds. These data demonstrate that the kinematics of bipedal walking in macaques and chimpanzees are characterized by significant non-sagittal plane motion, with the magnitude and pattern of this motion differing from humans in similar ways. Taken together, our results also suggest that if Pan and Homo diverged from a common ancestor whose lower back and ilia were either 'African ape-like' or 'Old World monkey-like', at its origin, the hominin walking stride would have involved distinct (i.e. nonhuman-like) pelvis motion on flexed, abducted hind limbs. More broadly, these data improve our understanding of the three-dimensional kinematics of facultative bipedalism, and highlight the continued need for high-quality, well-controlled experimental data from macaques, chimpanzees, humans and other taxa to test hypothesized links between skeletal traits and locomotor capabilities.
Data accessibility. The macaque, chimpanzee and human kinematic data used in this study are available via simTK at https://simtk. org/projects/chimphindlimb.
